Adaptive sex-ratio theory predicts that parents should overproduce the more bene¢cial o¡spring sex. Based on a recent experimental study of lesser black-backed gulls, we tested this hypothesis with the great skua, Catharacta skua, a bird species closely related to gulls but where females are the larger sex. When in poor body condition, the gulls overproduced daughters, the smaller and more viable sex under those circumstances. To discriminate between a mandatory physiological overproduction of female (i.e. nonmale) eggs versus the overproduction of the smaller and presumably more viable sex, we conducted an egg-removal experiment with the great skua. Since the males are smaller, larger size and being male are separated. Through egg removal we induced females to increase egg production e¡ort. Eggs were sexed using a DNA-based technique. Manipulated pairs produced a signi¢cant male bias at the end of the extended laying sequence, while the sex ratio in the control group did not di¡er from unity. Our results present an example of facultative sex-ratio manipulation and support the hypothesis that in sexually dimorphic birds parents overproduce the smaller sex under adverse conditions.
INTRODUCTION
In recent years, several studies have given strong evidence that birds can adjust the sex ratio of their o¡spring in relation to environmental conditions (Ellegren et al. 1996; Appleby et al. 1997; Komdeur et al. 1997; Nager et al. 1999; Sheldon et al. 1999) . The theory behind sex-ratio adjustment hinges on the observation that an environmental variable can have di¡erent e¡ects on the reproductive value of male and female o¡spring, and hence the sexratio bias is expected to be adaptive (Trivers & Willard 1973; Sheldon et al. 1998) . Such environmental e¡ects on o¡spring reproductive value have been observed in a number of species, for example in relation to territory quality (Seychelles warbler, Acrocephalus sechellensis ; Komdeur et al. 1997) , paternal attractiveness (collared £ycatcher, Ficedula albicollis; Ellegren et al. 1996) , or clan size in mammals (spotted hyena, Crocuta crocuta; Holekamp & Smale 1995) . A common factor across a wide range of species is di¡erential sensitivity to adverse conditions, which often results in sex-biased mortality (RÖskaft & Slagsvold 1985; Clutton-Brock et al. 1985; Gri¤ths 1992) . In birds, males generally show higher mortality than females (Howe 1977; RÖskaft & Slagsvold 1985; Breitwisch 1989; Gri¤ths 1992; Nolan et al. 1998) . Since males are typically larger than females, this has led to the hypothesis that males are more vulnerable to adverse conditions due to their relative size and the size-linked higher energy demand (Clutton-Brock et al. 1985) . Studies on species where males are not the larger sex support this hypothesis. In an experimental study on a monomorphic species, no sex-linked di¡erences in performance could be detected (Sheldon et al. 1998) , and observational data on a bird with reversed sexual size dimorphism reported female-biased nestling mortality (Torres & Drummond 1997) .
A recent study on lesser black-backed gulls, Larus fuscus, a species with male-biased size dimorphism, has given experimental evidence for a link between poor maternal condition, male-biased nestling mortality, and a female-biased primary sex ratio (Nager et al. 1999) . Mothers in poor body condition overproduced daughters, which had a higher survival probability than sons under those circumstances. Even though this experiment suggests a directional overproduction of daughters due to their smaller size, the possibility of physiological constraints causing a skew towards daughters under food stress cannot be excluded. Conducting an experiment similar to the gulls in a species where females are the larger sex would be a strong exploration of the mechanistic versus the facultative sex-ratio adjustment hypothesis. If mothers in poor condition show a mandatory overproduction of female eggs, then we also expect to ¢nd this pattern in a species where the females are larger than males. However, if the gulls produced more daughters because they are the smaller and less vulnerable sex, then we would predict a similar overproduction of the smaller sex, i.e. of males in this case.
In order to distinguish between these hypotheses, we performed an egg-removal experiment with great skuas, Catharacta skua. Great skuas are closely related to gulls (Cohen et al. 1997) . Unlike the gulls, however, they show reversed sexual size dimorphism, with females being on average 10% larger than males (Furness 1987) . Through continuous egg removal we induced mothers to lay extended clutches and thus increased the amount of energy invested in egg production. Great skuas normally lay clutches of two eggs (Furness 1987 ), but produced on average three times as many eggs due to our manipulation. This elevated investment negatively a¡ects maternal condition (Monaghan et al. 1998; Veasey et al. 2001) , and female gulls in poorer body condition produced less viable o¡spring (Nager et al. 2000) and showed a lower o¡spring rearing capacity (Monaghan et al. 1998) . In order to counteract the e¡ects of egg laying on maternal condition, we supplied a second group of females whose eggs were continuously removed with supplementary food during egg formation.
We investigate the primary sex ratio of eggs laid by females with declining body condition and that produced by the fed group. If birds manipulate o¡spring sex ratio in relation to the size of their o¡spring, rather than always favouring daughters under poor conditions, we predict an increase in the proportion of sons as egg production e¡ort increases in the unfed skuas. No sexratio bias is expected for the fed birds, since their condition is unlikely to decline by a large degree through the experiment.
METHODS
The study was carried out at a large colony of great skuas in Foula, Shetland (60808' N, 2805' W) , during May and June 1999. We used 70 pairs of great skuas for our experiment and carried out daily nest checks prior to and during egg laying. Ninety-two of our study birds were already ringed with unique colour combinations, and the other 48 could mostly be identi¢ed through individual plumage markings. From these nests every new egg was removed within 48 h of laying, which induced the birds to lay further eggs. The minimum observed time-span needed by great skuas to produce replacement eggs after natural clutch loss is 10 days (S. Votier and S. Bearhop, personal communication). We therefore report the number of females with or without inter-egg intervals of 10 days or more. Egg removal continued until birds stopped re-laying. Since study pairs remained on their territories for several weeks after the removal of the last egg, we could be sure that they had not changed partner or territory during or directly after the experiment. Thirty-eight randomly assigned study pairs received daily portions of supplementary food from at least 10 days prior to laying of the ¢rst egg. We fed them with 400 g of tinned cat food per pair per day, which contained an average of 1100 kJ, equivalent to ca. 30% of the daily energy need of one pair (Ratcli¡e 1993) . Since the males undertake most of the foraging and then provide food for the female (Furness 1987 ), it did not matter which of the two partners was present at the time of feeding. In order to avoid the theft of food by non-experimental birds, feeding took place in the late evening, a time with generally high territorial attendance. All pairs readily accepted the food and, due to the individual markings, we were sure that only target birds took the food. One of our original pairs in the unfed group abandoned the breeding attempt after the removal of the ¢rst egg, but stayed and defended its territory during the remainder of the breeding season. This pair was not included in any of the following analyses.
Egg length and breadth were measured and egg volume index was computed by (breadth 2 £ length)/1000. Removed eggs were arti¢cially incubated for approximately 5 days. The complete natural incubation period is 29 days. On day 5 eggs were opened, the embryos removed, stored in a bu¡er containing 50 mM EDTA, 50 mM Tris and 2% SDS, and frozen at 720 8C. For sexing we used the method described by Gri¤ths et al. (1998) , but used primers PF31 (5 0 -TGAAG TATCGCCAGTTYCC-3 0 ) and PR32 (5 0 -CTTCCTCA ATTCCCCTTTDAT-3 0 ) at an annealing temperature of 55 8C. Sexing of eggs that had not developed a visible embryo was inconsistent, and it is not clear whether the results obtained are reliable (for example, because of possible contamination by sperm). Therefore, those eggs were not included in the analysis. Sex ratios are given as the proportion of males.
Except for one pair in the fed group, which only laid two infertile eggs, a ¢nal clutch size of three was the minimum produced by all pairs. This gave us a ¢nal sample size of 37 fed pairs and 31 unfed pairs for the sex-ratio analysis. To prevent bias towards pairs that had laid a high number of eggs, we included three eggs of all pairs in the analysis: the ¢rst, middle and last egg of the laying sequence. Middle eggs in sequences with an even egg number were selected following a table of random numbers. By including eggs of the same relative position within each laying sequence, we aimed to use eggs of a similar biological signi¢cance for each female. Any eggs laid between these three positions are referred to as intermediate eggs: intermed1', between ¢rst and middle; and`intermed2', between middle and last egg. In some cases, particularly later, eggs were inadvertently left with the parents and were therefore not available for analysis. Whenever the sex of the ¢rst or last egg was not known, we used the sex of the egg next to it in the laying sequence, provided it was still laid during the same third of the clutch (see also Nager et al. 1999) . We had to substitute 2 of 68 ¢rst eggs and 10 of 46 last eggs (six unfed and four fed pairs). The percentage of eggs for which the sex could not be determined due to the lack of a visible embryo was not di¡erent between the fed and the unfed group (fed, 84.4% sexed, nˆ224; unfed, 87.2% sexed, nˆ179; G-test, G adjˆ0 .621, d.f.ˆ1, pˆ0.43). To analyse sex ratios and egg viability between treatment groups we ¢tted a general linear mixed model (GLMM) with a binomial error structure (Schall 1991; Kruuk et al. 1999) , using the Genstat 5 package, version 4.1 (Numerical Algorithm Group Ltd, Oxford, UK). As ¢xed factors we initially included treatment, egg position (¢rst, middle, last) and laying date, plus all the ensuing two-way interactions, but only statistically significant interactions are reported. We incorporated female identity as a random factor, in order to control for individual e¡ects, thereby accounting for the problem of pseudo-replication. It is quite common with empirical data that the residual variation of the ¢tted logistic regression model deviates from the binomial sampling variation assumed by the model (Williams 1982; Collett 1991) . This is what we also observed when analysing the current dataset. Therefore, we included estimation of the dispersion parameter in the GLMM ¢tting. The signi¢cance of the explanatory variables was determined by their Wald statistics ( 2 -distributed). All other statistical analyses were performed using SPSS for Windows, version 9.0 (SPSS Inc., Chicago, USA). To calculate sex ratios of intermediate eggs, females contributed a maximum of one datum point for intermed1 and intermed2, using the combined sex ratio, if several eggs per female fell into the respective category. Data are presented as means § s.e., with n denoting sample size. All statistical tests are two-tailed and the signi¢cance level was set at 5%.
RESULTS
Birds in the two experimental groups, i.e. fed and unfed, both laid a mean of around six eggs over the 
nˆ174).
The sex ratio of ¢rst and middle eggs was not di¡erent from unity for either of the two groups (sex ratio of ¢rst eggs: fed, 0.54 § 0.08, nˆ37, unfed, 0.45 § 0.09, nˆ31; middle eggs: fed, 0.52 § 0.09, nˆ31; unfed, 0.62 § 0.09, nˆ29; ¢gure 1). This was also the case for the last eggs of fed birds (0.45 § 0.11, nˆ22; ¢gure 1). However, the unfed birds showed a signi¢cant overproduction of males in the last eggs (0.75 § 0.09, nˆ24; ¢gure 1). The interaction term of position and feeding treatment in the GLMM is signi¢cant (table 1), which means the change in sex ratio from the ¢rst to the last egg di¡ers in the two treatment groups. Even though the sex ratio of middle eggs from unfed birds is not di¡erent from a 0.5 binomial distribution, the sex ratio over the three egg positions in unfed birds was progressively skewed towards an overproduction of males (GLMM, sex as a function of egg position, unfed pairs only, pair identity included as random factor: Wald statistic ( 2 )ˆ5.7, d.f.ˆ1, pˆ0.02, nˆ85; e¡ect of position: 70.6747 § 0.28). By contrast, fed birds produced equal numbers of male and female eggs at the beginning, middle and end of the laying sequence (GLMM, sex as a function of egg position, fed pairs only, pair identity included as random factor: Wald statistic ( 2 )ˆ0. 4, d.f.ˆ1, pˆ0.53, nˆ89) . Laying date, as a potential measure of parental quality, did not have a signi¢-cant impact on the sex ratio produced by either group (table 1). The probability of ¢nding an embryo did not di¡er between treatments and was unrelated to egg position (GLMM, presence of embryo as a function of egg position ( 
DISCUSSION
Female great skuas produced an o¡spring sex ratio in favour of sons, the smaller sex, when they were induced to increase egg production e¡ort. Birds that were subjected to the same experimental manipulations but received supplementary food did not produce a skewed sex ratio. These results are strong evidence for facultative sex-ratio adjustment in relation to maternal body condition. The fact that mothers who received supplementary food did not produce a sex ratio di¡erent from unity demonstrates that the result in the unfed group was neither a seasonal nor a sequence e¡ect. Since our two experimental groups did not di¡er in any aspect other than the receipt of supplementary food, it is clear that the overproduction of male eggs by the unfed birds was induced by the e¡ects of continuous laying under natural feeding conditions. Our results show that the change in o¡spring sex ratio is not simply produced by a physiological process which favours female eggs when mothers are in poor body condition. The skew we observed is opposite to the one produced by lesser black-backed gulls with regard to o¡spring sex, but in the same direction with regard to size dimorphism (Nager et al. 1999) . The gulls were subjected to a similar treatment, but overproduced daughters (the smaller sex) at the end of the extended laying sequence when not supplementarily fed. Our results therefore clearly show a sex-independent overproduction of the smaller o¡spring sex by mothers in poor body condition, and are consistent with the predictions of the facultative sex-ratio adjustment hypothesis. An alternative explanation for the skewed sex ratio in 5-dayold eggs might be di¡erential early embryo mortality. This possibility cannot be excluded, but is unlikely. The probability of ¢nding an embryo was the same in both groups, and we therefore have no reason to assume that di¡erential mortality would have operated only in one of the groups. Furthermore, no di¡erences in embryo mortality between sexes have been reported for birds so far, even in species that show di¡erential nestling mortality (e.g. Nager et al. 1999) . We therefore suggest that di¡erential production is the more likely explanation for the observed sex-ratio bias.
In both Nager et al.'s (1999) and our own study, poor conditions were created by inducing females to produce extra eggs. It has been shown that egg production is costly for female birds (Houston et al. 1983; Monaghan & Nager 1997; Veasey et al. 2001) . Even the production of one or a few additional eggs signi¢cantly reduced protein condition of laying females (Monaghan et al. 1998; Veasey et al. 2000) . Our experimental females produced on average three times more eggs than the normal clutch of two. Extended egg production had a negative e¡ect on skua body condition (E. Kalmbach, unpublished data). Even though we cannot quantify the extent to which the supplementary food counteracted these negative e¡ects, other studies have shown that supplementarily fed birds laid larger and more eggs (Bolton et al. 1993; Nager et al. 1999) , both usually correlated with body condition (e.g. Martin 1987) . A trend in the same direction, with more eggs laid by supplemented skuas, was observed in this study. Therefore, it is likely that at the end of laying, maternal body condition was poorer in the unfed group and was the proximate cause for the change in o¡spring sex ratio.
Individual quality of females is likely to have varied within each treatment group. High-quality birds were probably less a¡ected by our treatment than lowerquality individuals in the same group. We tried to control for this variation by including laying date in our model, which in this species has been shown to correlate with several reproductive traits (Catry et al. 1998 ). We could not ¢nd a signi¢cant e¡ect of laying date on sex ratio, but it is likely that intra-group di¡erences in individual female quality are contributing to the extra binomial variance we found in our data. Since harsh circumstances highlight such di¡erences in quality, performance in the stressed, i.e. unfed group, is likely to have varied to a higher degree than within the fed group.
The fact that both gulls and skuas overproduced the smaller o¡spring, irrespective of sex, strongly indicates that larger size per se a¡ects o¡spring value under poor conditions. This is particularly interesting since other mechanisms have been suggested for sex-speci¢c o¡spring performance. For instance, Folstad & Karter (1992) formulated the immunocompetence handicap hypothesis (ICHH), which states that males are more sensitive to adverse conditions due to elevated levels of androgens. Even though usually argued to relate to testosterone, the above argument would apply equally to any biologically active substances that are linked to the male phenotype and have negative e¡ects on physiological functions (Grossman 1985; Folstad & Karter 1992) . However, since males are often the larger sex in birds and mammals, it is di¤cult to separate size from other aspects of the male phenotype, in order to test the ICHH. The indications of our study are that hormonal e¡ects of male phenotype on vulnerability may be small in comparison with the e¡ects of size.
What bene¢ts could the parents expect from producing predominantly the smaller sex during adverse conditions? Generally, it is thought that the smaller sex needs less energy in order to achieve normal growth (Linde¨n 1981; Slagsvold et al. 1986; Krijgsveld et al. 1998) . This would mean that by producing a cheaper chick, parents could allocate more energy to body reserves. Likewise, with the same amount of energy they could produce a higherquality £edgling, or, alternatively, may only be able to successfully raise chicks of the cheaper sex due to limited resources (Nager et al. 2000) . However, Torres & Drummond (1999) concluded from their study on bluefooted boobies, Sula nebouxii, that despite their larger size, daughters did not need more energy to achieve normal growth. This suggests that there might be factors involved other than energy demand during the nestling phase. An important aspect for sex-speci¢c viability may lie within the eggs themselves. In the lesser black-backed gull, the survival probability of sons (the larger sex) hatching from late eggs of an extended laying sequence was signi¢cantly decreased compared with that of their sisters, after controlling for parental condition (Nager et al. 1999) . In natural conditions both parental condition and egg quality would operate at the same time.
Species with reversed sexual size dimorphism o¡er an important opportunity for investigating the role of size and other aspects of phenotype on o¡spring vulnerability. Our results on the great skua suggest that birds might be able to adjust the primary sex ratio accordingly. They also indicate that size plays possibly the most important role for di¡erential performance of o¡spring. If female mortality in our study species is shown to be higher than male mortality under poor conditions, this could explain the pattern of o¡spring sex ratio observed in this study.
